
 

Further Results of Lamb Waves Approach to Assess Corrosion 
Damage in an Aeronautical Aluminum Alloy 

 
Gabriel de Oliveira PRADO 1, André Koji TAMBA 1, Fernando DOTTA 1, Leandro 

Coutinho VIEIRA 1, Ricardo Pinheiro RULLI 1, Giovani Rodolfo SILVA 2, João Moreira 
COSTA 2 

 

1   EMBRAER S.A., Av. Brigadeiro Faria Lima, 2170, São José dos Campos, São Paulo – BRAZIL 
gabriel.cruz@embraer.com.br, andre.tamba@embraer.com.br, fernando.dotta@embraer.com.br, 

leandro.coutinho@embraer.com.br, rrulli@embraer.com.br          
2  EMBRAER S.A. Rod. Presidente Dutra, km 134, São José dos Campos, São Paulo – BRAZIL 

joao.moreira@embraer.com.br, giovani.rodolfo@embraer.com.br 
 
 
Abstract 

Embraer has been investigating many different SHM technologies in order to clarify the various aspects of 
Structural Health Monitoring (SHM). This paper presents the additional results on Embraer's study of 
corrosion damage detection by thickness reduction effect using Lamb Waves Technology.  Aircraft in service 
are susceptible to corrosion and these structural damages can be detected during a scheduled maintenance. 
Non-destructive testing (NDT) methods for rapid and reliable corrosion detection in complex metallic 
assemblies are an on-going challenge due to practicalities of inspection and geometric complexity. Scheduled 
maintenance and inspection activities can take advantage of the SHM technologies by evaluating the structural 
integrity of an aircraft with on-board sensors and performing less time-consuming procedures – compared to 
current NDT technologies – which can not only reduce the amount of time and burden of those activities, but 
also minimize the effects of “human-factors” when compared to current inspection tasks. This work 
demonstrates the further Lamb Waves results for detecting corrosion in aluminum alloys for aircraft structures. 
These studies are under Embraer's R&D program and were performed using Acellent Technologies Lamb 
Waves system with different types of specimen configurations. The corrosion damage was induced artificially 
with a series of thinning in the test specimens. These lab tests provide data that can be used for generating 
Probability of Detection (POD) curves for LW systems.  The experimental results indicate that Lamb Waves 
technique is accurate and it is shown as a promising technology for the application of corrosion damage 
detection. 
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1. INTRODUCTION 

Embraer has been studying SHM technologies and application scenarios for structural 
damage detection. Technologies such as Comparative Vacuum Monitoring (CVM), Electro-
Mechanical Impedance (EMI), Acoustic Emission (AE) and Lamb Waves (LW) are under 
investigation [1]. For Embraer, SHM can provide facilitated damage detection in areas with 
restricted access with early detection of structural damages and reduction of maintenance 
costs for current and future aircrafts, besides minimizing the effects of “human-factors” 
during an inspection [8]. Typically, corrosion damage are in difficult access areas, hidden by 
the lavatory or galley and LW technology can assist in the implementation of these inspection 
tasks following the ideology of SHM adopted by Embraer. This paper presents further results 
of the tests performed by Embraer with the Acellent Technologies Lamb Waves system for 
detection of corrosion damage with the use of artificially induced damage on test specimens. 
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2. LAMB-WAVES TECHNOLOGY FOR DAMAGE DETECTION  

The fundamental of this technique is based on the assumption that structural damage changes 
the physical dynamic response of the structure, such as natural frequencies, mode shapes and 
damping, frequency response, etc. [2]. Lamb waves represent two-dimensional wave 
propagation in plates or shells, which are described by known mathematical equations 
originally formulated by Horace Lamb in 1917 [4]. A structure with a damage like thickness 
reduction (corrosion) exhibits non-linear vibrations due to the stiffness change under load 
variation [5]. The accuracy of relating changes in modal parameters to flaws such as cracks 
becomes quite poor when the aspect ratio between the size of the structure and the size of the 
flaw is larger than 10 [3, 5]. Lamb waves are two groups of waves, the symmetric waves and 
the anti-symmetric waves, that satisfy the wave equation and the boundary conditions. The 
general solutions can then be split into two modes: symmetric (S0) and anti-symmetric (A0) 
[6] as shown in Figure 1. The Lamb wave modes are considered to be sensitive to fatigue 
cracks and can be used in metallic or composite material structures to detect a wide range of 
damages types.  

  
Figure 1: Wave modes: (a) Anti-symmetric, where a peak at one surface corresponds to a trough at the other 
surface; (b) Symmetric, where the wave peaks or troughs occur simultaneously at the same in-plane location. 

3. CORROSION DAMAGE 

Corrosion is a natural and costly phenomenon and cannot be avoided, but aircraft 
manufacturers and operators spend time and money to keep it in control. According to 
National Association of Corrosion Engineers (NACE), in the year of 1996 the total annual 
direct cost of corrosion to the U.S. aircraft industry is estimated at $2.2 billion, which 
includes the cost of design and manufacturing ($0.2 billion), corrosion maintenance ($1.7 
billion), and downtime ($0.3 billion) [7]. The protection against corrosion in aircraft 
structures is a well-established technology, both to prevent and to inhibit corrosion damage. 
However, there is a high probability of failure of these protection methods on older aircraft, 
with long periods of service. The surface corrosion in its early stages can be detected visually 
through signs such as discoloration, faint markings of dust, bubbles and paint damage. On the 
other hand, it is very difficult to detect hidden corrosion damage since the characteristics do 
not allow for identification methods or conventional non-destructive testing. In many cases, 
the damage reaches a very advanced stage before it is detected, requiring dismounting of the 
structure, which leads to a very high maintenance cost. Therefore, it becomes interesting to 
use a sensor system that effectively monitors the corrosion damage of the structure and 
allows obtaining data regarding the problem severity. A preliminary study was conducted to 
assess the use of LW system to detect thickness reduction and the results were promising [2]. 

4. TEST SPECIMENS 

Three types of test specimens with different shapes were used for verification of corrosion 
damage detection with LW technology as shown in Table 1 and shown in Figure 2. The 
nomenclature of the specimen is formed by a number and a letter, and a detailed description 
of each specimen configuration is described on section 4.3. All specimens were manufactured 
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with aerospace aluminum alloy 2000 series for plates and splices and the aluminum alloy 
7000 series are used for stiffeners. 
Specimen ID Configuration Description 

1 SHM-C02 02, 02A and 02B Stiffener 
2 SHM-C04 04, 04A, 04B, 04C, 04D, 04E, 04F, 04G and 04H Reinforced panel 

3 SHM-C05 05, 05A, 05B, 05C, 05D, 05E, 05F, 05G, 05H, 05I, 05J and 05K Spliced panel 

Table 1: Test Specimens 

 
Figure 2: Specimens: (a) SHM-C02: Stiffener, (b) SHM-C04: Reinforced Panel and (c) SHM-C05: Spliced 

Panel. 

4.1 Sensors position 

For this study several specimen configurations and sensors were used in order to ensure the 
reliability of the experimental results. The sensors positions on specimens are shown on 
Figure 3. The specimens had been monitored with Acellent's 1/4" circular PZT (Single 
Sensor) and it had been bonded with epoxy adhesive. 

 

Figure 3: Sensor Position: (a) SHM-C02, (b) SHM-C04 and (c) SHM-C05. 

4.2 Final specimens 

The final specimens with sensors assembled are shown on Figure 4. 
 

 
Figure 4: Final Specimen: (a) SHM-C02, (b) SHM-C04 and (c) SHM-C05. 
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4.3 Manufactured Damage: Thickness reduction 

Four progressive stages of thickness reduction were elaborate to simulate the corrosion act on 
aluminum structure. The first stage (a) starts the simulated corrosion on structure with a 
punching tool that reduces 0.21 mm of thickness. The next stages were performed by 
machine with a milling cutter tool. In the second stage (b) a reduction of 0.08 mm of the 
thickness with a diameter of 6 mm is performed, followed by the third stage (c) with a 
reduction of 0.16 mm of the thickness with the same diameter from previous stage and the 
fourth stage (d) enlarges the hole diameter to 13 mm and keeps the hole depth. All stages 
described above and each manufactured damage locations are shown on Figure 5. 

 
Figure 5: Thickness reduction stages: (a) DF01, (b) DF02, (c) DF03 and (d) DF04 and Damage Positions: (e) 

SHM-C02, (f) SHM-C04 and (g) SHM-C05. 

To verify the influence of the damage position on the LW detection system, the thickness 
reduction procedures were made in different positions of the specimens. To specimen SHM-
C02, damage was done in the web of the structure and three specimens of this type were used 
to perform the tests. To specimen SHM-C04, three damages were done in the reinforcement 
of the structure and nine specimens of this type were manufactured for testing. To specimen 
SHM-C05, three damages were done in the splice and damage was done in the plate of the 
structure and twelve specimens of this type were used to perform the tests. Table 2 to Table 4 
summarize the test configurations made for each specimen. The damage position is based on 
lower left corner of specimen.  
 
Damage 
Position 

x 
[mm] 

y 
[mm] 

Damage Configuration 

1 161.5 13.1 

DF01 
02 

02A 
02B 

DF02 

DF03 

DF04 

Table 2: Test Specimen SHM-C02 

 

 

 

 

 

 

Damage 
Position 

x 
[mm] 

y 
[mm] 

Damage Configuration 

1 93.0 111.5 

DF01 
04F 
04G 
04H 

DF02 

DF03 

DF04 

2 161.5 111.5 

DF01 
04C 
04D 
04E 

DF02 

DF03 

DF04 

3 285.0 111.5 

DF01 
04 

04A 
04B 

DF02 

DF03 

DF04 

Table 3: Test Specimens SHM-C04 



 

Position x [mm] y [mm] Damage Specimen Position x [mm] y [mm] Damage Specimen 

1 69.0 151.3 

DF01 

05F 

05G 

05H 

3 297.8 151.3 

DF01 

05 

05A 

05B 

DF02 DF02 

DF03 DF03 

DF04 DF04 

2 157.0 151.3 

DF01 

05I 

05J 

05K 

4 157.0 46.5 

DF01 

05C 

05D 

05E 

DF02 DF02 

DF03 DF03 

DF04 DF04 

Table 4: Test Specimens SHM-C05 

 
The Figure 6 shows the detail of machining thickness reduction for specimen 5B for damage on 
position 03. 

 

Figure 6: Specimen 5B – Damage position 3: detail of the thickness reduction on the specimen. 

5. DATA ACQUISITION 

The Lamb waves were stimulated in the specimen applying a BURST5 signal with 60V peak-
to-peak on the PZTs and Sample Rate of 24 MS/s. The DAQ had been taken following 
damage generation order (stages). The signal response was taken frequencies from 200kHz 
and 250kHz . The focus was the evaluation of the signal response for thickness reduction 
identification and the main objective was the damage detection itself. The experimentations 
were performed  in a temperature controlled room (21ºC) and followed the steps: (1) DAQ 
(Data Acquisition)  on the test specimens without any damage for baseline generation; (2) 
punching tool for 1st thickness reduction – Stage 1 and DAQ; (3) machining 2nd thickness 
reduction – Stage 2 and DAQ; (4) machining 3rd thickness reduction – Stage 3 and DAQ; (5) 
machining 4th thickness reduction – Stage4  and DAQ. The next sections show the analysis 
procedure for Specimen SHM-C04 for damage position 2 at specimen 4D to exemplify all the 
process performed, but on result section all configurations are commented. Four sensors were 
positioned on the corners of the specimen SHM-C04 and they were creating six paths 
between the sensors as shown on Figure 7.  

 
Figure 7: Specimen SHM-C04 4D: (a) Sensor position and (b) Sensor paths and damage on position 2. 
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5.1 Baseline Acquisition 

An initial data acquisition was performed on the test specimen without any damage and this 
signal was considered the structure signature for no damages. 
To generate a baseline to the structure it was necessary to perform some data acquisitions on 
different temperature to ensure that the signals with damage are within the temperature range 
from baseline and can be performed the comparison between the signals. 
For 200kHz and 250 kHz DAQ, the baseline temperature range for specimen SHM-C04 4D  
was between 17.00 °C to 25.06 °C. 
An overplot of signals, with different temperatures for 200kHz, for each path is presented on 
Figure 8, and for 250kHz is presented on Figure 9, and it is possible to verify the similarity of 
the signals for the used temperature range.  
 

 
Figure 8: Specimen SHM-C04 4D – 200kHz: Baseline 

overplot. 
 

 
Figure 9: Specimen SHM-C04 4D – 250kHz: Baseline 

overplot. 

5.2 Data Acquisition 

The data acquisitions performed on the structure with damages were compared with the 
baseline and Figure 10 shows the temperature values for these signals. It is possible to verify 
that the four data acquisition for the manufactured damages had temperature within the 
baseline range. 
 

 
Figure 10: Specimen SHM-C04-4D: Baseline Range and Data Acquisition Temperatures. 
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Figures 11 to 14 show with the red line the signal difference between the baseline and the 
data acquisition for the manufactered damages for DAQ with 200kHz. 
  

 
Figure 11: Specimen SHM-C04 4D – 200kHz: DF01 

signal comparison. 
 

 
Figure 12: Specimen SHM-C04 4D – 200kHz: DF02 

signal comparison. 
 

 
Figure 13: Specimen SHM-C04 4D – 200kHz: DF03 

signal comparison. 
 

 
Figure 14: Specimen SHM-C04 4D – 200kHz: DF04 

signal comparison. 

5.3 SHM Patch Results 

The Acellent software SHMPro: SHM Patch V2.0 was used for damage detection analysis. 
The default software procedure was used for damage detection. Figure 15 shows the damage 
detection results from Acellent software, which the damages were detected on manufactured 
damages DF02, DF03 and DF04. No damage was detected for manufactured damage DF01.  
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Figure 15: Damage Detection: (a) DF01 – No Damage, (b) DF02 – Damage, (c) DF03 – Damage and (d) DF04 

– Damage. 

6. CONCLUSIONS 

This paper presented a general view of SHM gains to provide facilitated damage detection on 
aircraft maintenance, followed by the explanation of Lamb Waves technology to study the detection 
of thickness reduction. This mass loss also occurs due to corrosion damage that is a costly 
phenomenon on aircraft maintenance. Different types of specimen configurations were 
manufactured to simulate aeronautical structures, Lamb Waves sensors were bonded on them and 
manufactured damages were performed with machine to simulate the corrosion act on aluminum 
structure.  For each specimen was made a data acquisition, with Acellent system, on different 
temperatures to create a baseline space. After each step of damage enlargement a new data 
acquisition was performed and the signal was compared with the baseline.     
The results presented in this paper show the capabilities of the Lamb Waves approach for thickness 
reductions detection (corrosion effect or mass loss). The technique showed that it is capable to 
identify changes greater than ~2% of volume reduction on the aluminum structures. 
The number of sensors is directly associated with the number of paths on the mesh and a higher 
sensor network density could provide a better damage detection confidence level. Therefore, the 
cost-benefits analysis shall also be done to verify the economic viability of SHM application into the 
aircraft maintenance plans.  
Based on the present results, further studies shall be conduct in order to assure the application of 
Lamb Waves in the field, including the determination of the detection capability in terms of 
Probability of Detection. Nevertheless, the system already proved as viable way for corrosion 
detection for aluminum structures and it is demonstrated as an appropriate system for NDT 
applications. 
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